There is a concerned that Cs and Pu double salt Cs 2 Pu(NO 3 ) 6 is formed under certain conditions in the course of U crystallization. The influence of the Cs concentration in a feed solution on Cs 2 Pu(NO 3 ) 6 formation was thus examined in the U crystallization process. Cesium and Pu were decontaminated after crystal washing with a decreasing Cs concentration in the feed solution. Although Cs remained in the mother liquor at a Cs concentration of 1.0 g/dm 3 in the feed solution, Cs 2 Pu(NO 3 ) 6 precipitated at a Cs concentration of 2.2 g/dm 3 . There is, therefore, a lower limit for the Cs concentration in the feed solution at which Cs 2 Pu(NO 3 ) 6 precipitates, and this limit falls in the range from 1.0 to 2.2 g/dm 3 Cs.
Introduction
A fast reactor fuel aqueous reprocessing process that employs U crystallization is under development [1] . The solubility of uranyl nitrate decreases with decreasing temperature, and leads to crystallization of uranyl nitrate hexahydrate (UNH) crystals, which can be recovered only by temperature control of the solution without addition of other reagents. Because U recovered as UNH crystals is used as a blanket fuel, and transuranium (TRU) elements are supposed to be recovered by other chemical processes, it is necessary to remove TRU elements and fission products (FPs) from the UNH crystals. The behavior of TRU elements and FPs has thus been examined in the U crystallization process. In a previous study [2] , lanthanide elements such as Eu remaining in the mother liquor after cooling of a dissolver solution of irradiated fast reactor fuel were found attached to the surface of the UNH crystals. They were washed out with an HNO 3 solution in order to remove the mother liquor containing the Eu. On the other hand, the Cs and Pu double salt Cs 2 Pu(NO 3 ) 6 precipitated in the course of the U crystallization process, and could not be decontaminated, even when the UNH crystals were washed. The solubility of Cs and Pu should therefore be investigated in order to understand the precipitation behavior of Cs 2 Pu(NO 3 ) 6 in the U crystallization process. In this study, the solubility of Cs 2 Pu(NO 3 ) 6 in a uranyl nitrate solution was measured. Because the Cs concentration in the dissolver solution of nuclear fuel would affect the formation of Cs 2 Pu(NO 3 ) 6 , its influence was also investigated using a cooling batch crystallization method. The solubility experiments were carried out at the Tokai Reprocessing Plant (TRP) of the Japan Atomic Energy Agency (JAEA). Meanwhile, the crystallization experiments were conducted with a dissolver solution derived from irradiated fast reactor core fuel at the Chemical Processing Facility (CPF), JAEA.
Experimental

Reagents and feed solution
All of the reagents were of special grade and were purchased from Wako Pure Chemical Industries, Ltd. in the experiments.
For the solubility experiments, the feed solutions were prepared as follows. A plutonyl nitrate solution was purified by extraction and stripping using tri-n-butyl phosphate (TBP). The Pu concentration in the solution was adjusted to 194 g/dm 3 with 7 mol/dm 3 HNO 3 . A cesium nitrate solution was prepared by adding an 8 mol/dm 3 HNO 3 solution to powdered CsNO 3 in a flask and stirring until the reagent was dissolved. Separately, UO 3 powder (100 g) was placed in a flask and dissolved by adding a concentrated HNO 3 solution. Appropriate concentrations were used in order to prepare various dilutions for the solubility experiments.
Fast reactor "JOYO" irradiated core fuel with an average burnup of 53 GWd/t and cooling time of 5 y was used for the crystallization experiments. Sheared pieces of core fuel (10 mm) containing 190 g of heavy metals were dissolved using 360 cm 3 of an 11 mol/dm 3 HNO 3 solution at 95°C. The dissolver solution was then filtered through a glass filter. The valence of Pu in the dissolver solution was changed to Pu(IV) by bubbling in NO x gas, and then the presence of Pu(IV) was confirmed by absorption spectrometry in the ultraviolet-visible region. For changing the Cs concentration of the dissolver solution, a Cs nitrate solution was prepared by mixing CsNO 3 into a 2 mol/dm 3 HNO 3 solution.
Procedure
The procedure for the solubility experiments is described below. The complex Cs 2 Pu(NO 3 ) 6 was synthesized by mixing the Cs nitrate solution into the plutonyl nitrate solution while stirring at 25°C. The recovered pale green compound was washed with an 8 mol/dm 3 HNO 3 solution in order to remove the mother liquor and then dried in a glove box. According to elemental analysis and X-ray diffraction (XRD), the pale green precipitate was identified as Cs 2 Pu(NO 3 ) 6 . To measure the solubility, excess Cs 2 Pu(NO 3 ) 6 was placed in a flask containing 100 cm 3 of uranyl nitrate solution. The temperature was strictly controlled using a Peltier device. First, the uranyl nitrate solution was stirred continuously at 90°C for 30 min. After confirming the precipitation of Cs 2 Pu(NO 3 ) 6 in the solution, the liquid phase was sampled using a microsyringe with a 0.2 m filter. The same solution was then cooled to a target temperature after sampling. The procedure was repeated until the uranyl nitrate solution was cooled to 5°C.
In the crystallization experiments, a crystallizer made of Pyrex glass was installed in a hot cell with a jacket for cooling and heating media and a thermostat for temperature control. The dissolver solution was placed in the crystal vessel, the Cs nitrate solution was then added, and the solution was cooled from 47 to 4°C while being stirred. Table 1 summarizes the composition of the feed solution in the crystallization experiments. The UNH crystals produced out of the solution were quickly centrifuged from the mother liquor at 3000 rpm for 20 min, washed using an 8 mol/dm 3 HNO 3 solution at 4°C, and then centrifuged at 3000 rpm for 20 min in order to remove the washing solution. 
Analysis
For the solubility experiments samples, the concentration of H + was determined by acid-base titration (COM-900, Hiranuma Sangyo Co., Ltd.), the concentrations of U and Pu were analyzed by colorimetry (UV-2200A, Shimadzu Corporation), and the Cs concentration was measured by inductively coupled plasma mass spectrometry (ICP-MS; ELAN 6000, PerkinElmer Inc.).
For the crystallization experiments samples, the H + concentration was also determined by acid-base titration (COM-2500, Hiranuma Sangyo Co., Ltd.), the U and Pu concentrations were analyzed by colorimetry (V570DS, JASCO Corporation), the concentration of the FPs was analyzed by gamma-ray spectrometry (GEN10: detector and 92XMCA: pulse height analyzer, ORTEC).
Results and discussion
Solubility of dicesium plutonium(IV) nitrate in uranyl nitrate solutions
The nitrate ion complexes of Pu(IV) in HNO 3 solutions may be expressed as Pu(NO 3 ) n 4 n (n = 1 6). Veirs et al. [3] reported that three major Pu(IV) nitrate complexes were observed and indentified by absorption spectroscopy, 15 N nuclear magnetic resonance (NMR) and X-ray absorption fine structure (EXAFS) analyses: Pu(NO 3 ) 2 2+ , Pu(NO 3 ) 4 , and Pu(NO 3 ) 6 2 . Based on the difference in the absorption peaks, Pu(NO 3 ) 6 2 was found to increase with an increase in the concentration of HNO 3 in accordance with the following reaction (n = 1 6). (2) According to Eq. (2), higher ratios of Cs + or Pu(NO 3 ) 6 2 are advantageous for formation of Cs 2 Pu(NO 3 ) 6 . Because the abundance ratio of Pu(NO 3 ) 6 2 increases with an increase in the HNO 3 concentration of the solution, a high HNO 3 concentration should promote the formation of Cs 2 Pu(NO 3 ) 6 . Figure 1 shows the solubility of Cs 2 Pu(NO 3 ) 6 in the uranyl nitrate solution with 4 mol/dm 3 HNO 3 . Its solubility decreased at lower temperatures and higher U concentrations in the solution. In the U crystallization process, the feed solution contains much U and is cooled to crystallize the U. Therefore, the conditions would tend to lead to the precipitation of Cs 2 Pu(NO 3 ) 6 during the course of the crystal growth of the UNH. 
Formation behavior of dicesium plutonium(IV) nitrate in uranium crystallization process
The decontamination factors (DFs) of Cs and Pu were calculated in order to evaluate the decontamination performance in the U crystallization process. The DF of element j for the UNH crystals in the U crystallization process was defined as follows. Here, C F,j and C F,U denote the concentrations of element j and U in the feed solution (g/dm 3 ), and C P,j and C P,U are the concentrations of element j and U in the crystal (mg/g), respectively. Figure 2 shows the DFs of Cs and Pu in the crystallization experiments before and after washing. The decontamination performance of Cs and Pu showed a similar tendency before and after washing. The DFs of Cs and Pu for the UNH crystals after crystal washing increased with a decrease in the Cs concentration in the feed solution. At a Cs concentration of 1.0 g/dm 3 in the feed solution, the DFs of Cs and Pu after washing were 100 and 260, respectively. When the uranyl ions crystallized as UNH by cooling the feed solution, Cs 2 Pu(NO 3 ) 6 did not precipitate; Cs and Pu remained in the mother liquor, and the mother liquor on the surface of the UNH crystals was efficiently removed after the UNH crystals were washed. On the other hand, when the Cs concentration was 2.2 g/dm 3 in the feed solution, the DFs of Cs and Pu slightly increased (by a factor of 5.9 and 43, respectively) after crystal washing. Cs 2 Pu(NO 3 ) 6 is assumed to form in the course of the U crystallization. The Pu clearly showed a reasonable DF, because the amount of Pu in the feed solution was higher than that of Cs. Nearly all the Pu remained in the mother liquor, except the amount consumed to produce the Cs 2 Pu(NO 3 ) 6 precipitate. At a Cs concentration of 3.7 g/dm 3 , the DFs of Cs and Pu were 1.4 and 14, respectively, even after the UNH crystals were washed. Solid impurities such as Cs 2 Pu(NO 3 ) 6 could not be significantly removed from the UNH crystals. The crystallization of U as UNH from an HNO 3 solution requires a certain amount of H 2 O to cool the feed solution. As a result, the HNO 3 concentration of the mother liquor becomes higher than that of the feed solution. Therefore, Cs 2 Pu(NO 3 ) 6 would tend to form during the cooling crystallization. These experimental results demonstrate that there is a lower limit for the Cs concentration in the dissolver solution of irradiated fast reactor fuel at which Cs 2 Pu(NO 3 ) 6 precipitates, and it falls in the range from 1.0 to 2.2 g/dm 3 . 
Crystal purification apparatus
The Kureha Crystal Purifier (KCP) has been applied in industrial plants using organic materials [5] . The apparatus utilizes a crystal purification method called the "sweating" phenomenon [6] . The grown crystalline particles are purified by heating them to as high as the melting point of the crystal and then introducing the mother liquor to the outside of the crystal, which is exhaled along the defects and grain boundaries. The crude crystal is supplied at the bottom of the column and then carried to the upper side of the column by a double screw conveyor. Next, a part of the crystal becomes molten in the presence of a heating unit at the top of the column. The molten material trickles downward among the crude crystals. The apparatus creates a countercurrent contact between the crystals, and the reflux melts in the course of being conveyed upward. The crude crystal is then washed by a portion of the melt.
The crystal purification experiments using the UNH crystals recovered from the uranyl nitrate solution containing the simulated FPs were carried out using KCP [1] . The DFs of the liquid impurities such as Sr and solid impurities such as SUS304L were 100 for the KCP. The liquid impurities, Sr, were removed from the UNH crystals not only by the sweating phenomenon, but also by washing with the U reflux melt. On the other hand, the solid impurities were decontaminated by another mechanism. The UNH crystals and solid impurities have different particle sizes. They can be separated from each other by gravity and mixing when the UNH crystals are moved upward by the double screw conveyors. If Cs precipitates with Pu as Cs 2 Pu(NO 3 ) 6 in the U crystallization process, it is believed that the Cs 2 Pu(NO 3 ) 6 is removed from the UNH crystals using the KCP.
Conclusions
To elucidate the characteristics of Cs 2 Pu(NO 3 ) 6 formation in the U crystallization process, two experiments, the solubility of Cs 2 Pu(NO 3 ) 6 and U crystallization, were carried out in a glove box and hot cell, respectively. The solubility of Cs 2 Pu(NO 3 ) 6 in a uranyl nitrate solution was measured. The Cs 2 Pu(NO 3 ) 6 was soluble in the uranyl nitrate solution at high temperature and low U concentrations. In the crystallization experiments, the influence of the Cs concentration in the feed solution on the DFs of Cs and Pu for the UNH crystals was evaluated. With a 1.0 g/dm 3 Cs concentration in the feed solution, Cs remained in the mother liquor and the DF of Cs was 100 after crystal washing. On the other hand, the DF of Cs was 5.9 when the Cs concentration was 2.2 g/dm 3 , because Cs reacted with Pu to form Cs 2 Pu(NO 3 ) 6 during the U crystallization. There is, therefore, a lower limit for the Cs concentration in the dissolver solution of irradiated fast reactor fuel at which Cs 2 Pu(NO 3 ) 6 precipitates, and that limit falls in the range from 1.0 to 2.2 g/dm 3 . Thus, controlling the process conditions such that no Cs and Pu precipitation can occur is important and should be further investigated.
